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HIGHLIGHTS 


• Slow pyrolysis of rice straw was investigated for temperatures of 300-700 °C. 

• Biochar had a mass yield of about 25% from the organic fraction above 500 °C. 

• Biochar was the primary product containing 40% of energy and 45% of carbon. 

• Bio-oil and light gases had about 60% of energy yield in total. 

. Drying of raw material was crucial to efficiently utilize the gases for process heat. 
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Among many uses of rice straw, application of its biochar from pyrolysis to the soil is receiving greater 
interest for increased crop productivity and sequestration of C0 2 . This study investigated slow pyrolysis 
of rice straw at 300-700 °C to characterize the yields and detailed composition of the biochar, bio-oil and 
non-condensable gases. Biochar was analyzed for pH, microscopic surface area and pore volume distribu¬ 
tion. Although the mass yield for the organic fraction was only about 25% above 500 °C, biochar was the 
primary product of pyrolysis containing 40% of energy and 45% of carbon from the straw. The utilization 
of by-products (bio-oil and gases) as energy resources was essential, since the sum of energy yield was 
about 60%. The gases could be burned to produce the heat for an auto-thermal pyrolysis process, but 
the heat balance was significantly influenced by the moisture content of the raw material. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

Biomass is composed of organic polymers originally produced 
by photosynthesis. Based on the available forms, biomass can be 
categorized into forestry/wood residues, agricultural residues, 
organic fractions of municipal/industrial wastes, manures, energy 
crops, and macro/micro algae. Biomass is unique among renew¬ 
able energy resources, because it can be converted into both 
energy and chemical feedstock. Various mechanical, biological 
and thermo-chemical conversion technologies have been devel¬ 
oped for the use of biomass, and applied in industry to produce 
different types of energy, fuel and chemical products. The 
thermo-chemical conversion includes pyrolysis, gasification and 
combustion. 

Rice straw a major agricultural residue, accounting for 731 Tg/yr 
in the world (average of 1997-2001), mostly generated in Asia (Kim 
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and Dale, 2004). In developed countries, rice straw is densified into 
bales by harvesters at paddy fields for easy transport and storage. It 
has many competing uses, such as cattle feed, bedding for poultry, 
compost and energy/chemical production. In under-developed 
countries, however, rice is manually harvested, and the straw is of¬ 
ten left in the field and burned. For a large-scale energy production 
from rice straw, combustion is the dominant technology used in 
industry with a typical scale of 5-12 MWe (Gadde et al., 2008). 
However, the high Si0 2 and alkali metal content in the rice straw of¬ 
ten cause problems, such as erosion in size reduction equipment 
and slagging/fouling in the heat exchangers of a boiler. It is also dif¬ 
ficult to feed or to reduce its size due to its fibrous form. 

Pyrolysis is an alternative technology for utilization of rice 
straw for conversion into valuable products. It involves the thermal 
decomposition of organic polymers that release vapors of various 
molecular weight compounds leaving carbon-rich solid residue 
(char) (Jahirul et al„ 2012). The pyrolytic vapors can be separated 
into condensable hydrocarbon compounds (oil, also known as 
tar) and non-condensable gases. For biomass, it can be used as a 
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single-step conversion process dedicated to the production of bio¬ 
char, bio-oil and gases for use as fuels or chemical feedstock. The 
process is also an initial step for further break-down of the organic 
polymers in an oxidative atmosphere during gasification or com¬ 
bustion processes. Pyrolysis characteristics (reaction kinetics, 
products yields and composition) are influenced by many parame¬ 
ters, such biomass types, temperature, heating rate, particle size, 
reaction atmosphere, and vapor residence time due to the complex 
chemical structures and reactions involved (Antal and Gronli, 
2003). 

Table 1 presents recent studies in literature for pyrolysis of rice 
straw. Fast pyrolysis technology has been investigated mainly for 
production of bio-oil. It is typically performed using a fluidized 
bed to increase the heating rate (~10 3 °C/s) and at temperatures 
about 500 °C to maximize the bio-oil yield (Wannapeera et al., 
2008; Jung et al„ 2008; Zhang et al., 2013; Eom et al., 2013; Pattiya 
and Suttibak, 2012; Fu et al„ 2011, 2012; Lou et al., 2010). Higher 
temperatures and increased vapor residence time cause thermal 
cracking of hydrocarbon compounds, decreasing bio-oil yield. 
Pyrolysis using radio frequency plasma has been also studied to in¬ 
crease the gas yields by fully converting the tar (bio-oil) com¬ 
pounds to CO and H 2 rich gases (Tu et al., 2009). 

In contrast to fast pyrolysis, slow pyrolysis is performed at a 
heating rate of about 10 °C/m for a typical temperature range of 
300-700°C (Puffin et al., 2004; Xiao et al., 2010; Peng et al., 
2011; Huang et al., 2012, 2013; Wu et al., 2012; Chatterjee et al., 
2013). This requires about 1 h of particle residence time to reach 
the target temperature. Slow pyrolysis of rice straw is applied as 
pretreatment (Xiao et al., 2010; Huang et al., 2012), or for biochar 
production as a soil ameliorator ( Peng et al., 2011; Wu et al., 2012). 
Pyrolysis at low temperatures (typically below 300 °C), also re¬ 
ferred to as torrefaction, is used to upgrade its fuel quality, such 
as the heating value (energy density) and grindability, as a pre¬ 
treatment of biomass for pelletization, bio-oil production, gasifica¬ 
tion or combustion processes (Meng et al., 2012; Batidzirai et al., 
2013). 

Recent interest on slow pyrolysis of rice straw is for the appli¬ 
cation of biochar to soil to increase the soil fertility and to seques¬ 
trate carbon. Biochar increases the retention of nutrients and water 
in soil and provides habitats for symbiotic micro-organisms, which 
reduces the need for chemical fertilizers and increases crop pro¬ 
ductivity (Spokas et al., 2012). Biochar can also sequestrate carbon 
for many years due to the strong resistance of its aromatic carbon 
structure to biological decomposition (Lehmann et al„ 2006). As 
listed in Table 1, detailed properties of rice straw biochar as a soil 
ameliorator were presented by Wu et al. (2012) for pyrolysis tem¬ 
perature of 300-700 °C. In pot trials for maize, using 1% mix of rice 


straw biochar with soil increased the growth of the crop by 64% 
(without fertilizer) and 146% (with fertilizer) (Peng et al., 2011). 
Application of wheat straw biochar to paddy fields achieved a sig¬ 
nificant increase in the rice yield and reduction in the overall 
greenhouse gas emission from the soil, especially in the second 
year of field experiment (Zhang et al., 2012). 

In order to realize the potential benefits of biochar, it is essen¬ 
tial to maximize its economic and environmental efficiency, 
including the production process of biochar. One important factor 
for the efficiency is how to utilize the by-products of biochar pro¬ 
duction. The amount of the bio-oil and non-condensable gas prod¬ 
ucts in terms of mass and energy is considerably larger than that 
for biochar (Lee et al„ 2013a). Bio-oil is a renewable fuel or chem¬ 
ical feedstock, but its chemical properties are not as good as bio¬ 
char due to its high water content and numerous inhomogeneous 
compounds resulting in acidity and toxicity (Mohan et al., 2006). 
The pyrolytic gas is composed largely of CO and C0 2 that lead to 
poor fuel quality. Therefore, efficient use of the by-products should 
be considered together with biochar production, especially for 
large-scale production and application of biochar. This requires 
comprehensive information for mass yields and properties of the 
three pyrolysis products, including the distribution of carbon and 
chemical energy between products. However, such information is 
rare in slow pyrolysis studies in the literature, including those 
summarized in Table 1. 

This study presents the slow pyrolysis characteristics of rice 
straw to provide comprehensive information for the chemical 
properties, carbon distribution and energy yields of the three pyro¬ 
lysis products (biochar, bio-oil and gases). The mass yield, elemen¬ 
tal composition and other key properties of the products were 
analyzed for pyrolysis temperatures of 300-700 °C. The carbon 
and energy yields of the products were calculated using analytical 
data. Based on these results, considerations required for applica¬ 
tion of the slow pyrolysis technology to rice straw were discussed. 


2. Methods 

2.1. Rice straw sample 

The straw sample used in this study was from long grain rice 
delivered from Indonesia after air drying. Table 2 lists the chemical 
properties of the sample. Details of the analytical methods are pre¬ 
sented in Section 2.3. The ash content was higher compared to the 
values in the literature (9.7-16.6%). Also, the volatile matter (VM) 
to fixed carbon (FC) ratio was lower in this sample, which can lead 
to larger char yields. However, the C, H, O, and N contents in the 


Recent studies on pyrolysis of rice straw reported in literature. 


Refs. 

Pyrolysis type 

Reactor type 

Temp. (”C) 

Heating rate 

Key results for products 

Wannapeera et al. (2008) 

Fast 

Drop-tube, fixed-bed 

200-850 

>10 3 “C/s 

Properties of char and gas; effect of holding time 

Jung et al. (2008) 



414-542 


Product yields; properties of char, oil and gas 

Zhang etal. (2013) 


Fluidized; catalytic 

550 


Properties of oil 

Eom et al. (2013) 


Fluidized 

350-500 


Product yields; properties of oil 

Pattiya and Suttibak (2012) 


Fluidized 

375-500 


Product yields; properties of bio-oil 

Fu etal. (2011,2012) 


Quartz tube 

600-1000 

300 “C/s, 10 “C/min 

Product yields; properties of char and gas 

Lou et al. (2010) 


Quartz tube 

400-900 

~10 4 "C/min 

Product yields; properties of bio-oil and gas 

Tu et al. (2009) 

Plasma 


467-603 


Product yields; properties of char and gas 

Piitun et al. (2004) 


Fixed bed 

400-650 

5 “C/min 

Product yields; properties of oil 

Xiao et al. (2010) 


Fixed bed 

300-700 

5 “C/min 

Product yields; properties of char and oil 

Peng et al. (2011) 


Muffle furnace 

250-450 


Properties of biochar 

Huang et al. (2012) 


Microwave 

237-423 

13-31 “C/min 

Properties of char (torrefaction) 

Wu etal. (2012) 


Tube furnace 

300-700 

5 “C/min 


Chatterjee et al. (2013) 


Fixed bed 

500 

10 “C/min 

Properties of bio-oil (toxicity) 

Huang et al. (2013) 

Slow 

Microwave 

<550 

~100 “C/min 

Product yield; properties of gas 
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Proximate analysis Moisture 

VM a 
FC hr 


Ultimate analysis 


VM/FC 

C 

H 

O c 


Higher heating value (HHV) 


This study 


Xair-dried 7.30 

%dry 60.84 

%dry 16.61 

%dry 22.55 

3.66 

Xdaf 48.75 

Xdaf 5.98 

Xdaf 43.28 

%daf 1.99 

Mj/kg air _ dried 13.45 


A Pattiya and Suttibak (2012), Fu i 
a Volatile matter. 
b Fixed carbon. 
c By difference. 


: al. (2011), Fu et al. (2012), Lou et al. (2010), Tu 


al. (2009), Puffin et al. (2004), Xiao , 


al. (2010). 


Literature* 
4.1-7.2 


9.7- 16.6 

3.8- 5.2 

41.8- 54.3 


38.4-51.6 

0.4-3.9 

15.0-16.2 


organic fraction were within the ranges of the literature data. The 
higher heating value (HHV) was lower than those reported in the 
literature, attributable to the higher ash content. The difference 
in the analytical method could be one reason for the higher ash 
content compared to the literature, in addition to the variation of 
the feedstock. In this study, the ash content was measured by 
ASTM Dll02-84. This requires gradual heating to 580-600 °C re¬ 
peated by 30 min periods until the sample weight does not change 
(<0.2 mg). However, some studies (Huang et al., 2012) used ASTM 
D5142 for coal and coke that requires heating to 750 °C at the end 
of 1 h. The higher temperature and increased test duration may 
cause some loss of volatile inorganic compounds, such as K and 
Na, lowering the ash content. The difference caused by the two 
methods was about 1% for the sample. Many other studies did 
not specify the test method. 

Cellulose, ranging from 34.4% to 44.0% in the literature, was the 
main component in the constitutional polymers of rice straw, 
while hemicellulose and lignin were similar in the range of 18- 
26%. Cellulose, hemicellulose and lignin are the three main organic 
polymers of land biomass. Their composition in biomass signifi¬ 
cantly influences the pyrolysis characteristics. Hemicellulose 
decomposes in the early stage of pyrolysis at a temperature range 
of 250-400 °C due to the chemical structures having weak bond 
strengths. This is followed by cellulose decomposition between 
300 and 450 °C (Yang et al., 2007). Lignin is an amorphous, heavy 
molecular weight polymer containing aromatic carbons that 
slowly decomposes over a wide range of temperatures and contrib¬ 
utes dominantly to the formation of char. The thermo-gravimetric 
analysis of the rice straw sample has been presented elsewhere 
(Lee et al., 2013b). 


2.2. Slow pyrolysis 

Slow pyrolysis tests were conducted using a lab-scale pyrolysis 
reactor for a target temperature of300,400, 500,600 or 700 °C. The 
details of the reactor have been described elsewhere (Lee et al., 
2013a). In each test, 100-110 g of the air-dried straw was placed 
in the reactor to be heated by an electric heater surrounding the 
reactor at a rate of 10 °C/min to a target temperature. Due to the 
heat consumed by evaporating moisture, the actual heating rate 
of the sample below 120 °C was lower than the target value. For 
the active heating period above 150 °C the heating rate increased 
to about 12 °C/min. Nitrogen was continuously supplied at a flow 
rate of 1.5 1/min to purge pyrolysis vapors from the reactor. Once 
the reactor attained the target temperature, it was maintained 
for 1 h for complete pyrolysis. The pyrolysis vapor containing con¬ 
densable compounds (bio-oil) and non-condensable gases was 


passed through the bio-oil condensers and the gas analysis system. 
The connection tube from the reactor to the bio-oil condensers was 
heated at 350 °C by a band heater to prevent condensation of heavy 
compounds. The biochar and bio-oil collected after the test were 
collected and weighed to determine the mass yields. The composi¬ 
tion of gases was continuously analyzed by an on-line gas analyzer 
(A&D System, A&D 9000) for CO and C0 2 . The gases were also sam¬ 
pled to a gas chromatograph (Perkin-Elmer, Clarus 680 GC) every 
9 min to determine CO, C0 2 , H 2 , CH 4 , C 2 H 4 , C 2 H 6 , C 3 H 6 and C 3 H 8 . 
The gas yield was calculated by difference. The pyrolysis test at 
each target temperature was repeated three times to determine 
the average mass yields of the three products. The deviations in 
the mass yields from the average were smaller than ±2.5% at 
300 °C and ±0.5% at higher temperatures. 

The mass yields on a wet basis (Yi.wet) were converted into a dry, 
ash-free (Yi.daf) basis to evaluate the product distribution from the 
organic fraction in biomass, as follows: 

Ybiochar,daf (%daf) = (Y b iochar,wet - A)/(100 - M - A) X 100 (1) 

Ybio-oii,daf (%daf) = (Ybio-oii,wet - M)/(100 - M - A) X 100 (2) 

Ygas.daf (%daf) = Y gas , wet /(100 - M - A) X 100 (3) 

where M and A represent the moisture and ash contents in the raw 
material, respectively. The biochar yield was also converted to an 
ash-free basis to compare to data in the literature, as follows: 

Ybiochar,ash-free (%3Sh-free) = (Ybiochar.wet - A) /(100 - A) X 100 (4) 


2.3. Analytical methods 

The proximate analysis of raw biomass and biochar was based 
on the ASTM standards (moisture content: ASTM E871-82, ash: 
ASTM D1102-84, volatile matter: ASTM E872-82, and fixed carbon: 
calculated by difference). The ultimate analysis for C, H, and N con¬ 
tent in the biomass, biochar and bio-oil fractions was performed 
using an elemental analyzer (CE Instruments, EA 1108), and the 
O content was calculated by difference. The heating value of the 
samples was measured by a bomb calorimeter (Parr Instrument, 
Parr-1261) for the higher heating value (HHV). 

The bio-oil was a mixture of numerous hydrocarbons and water 
that was not in a homogenous solution. It gradually separated into 
two strata, of a light aqueous phase and dark heavy phase, during 
storage. The bio-oil collected from the condensation bottles was 
immediately separated into the two phases by a centrifuge for 
15 min at 3000 rpm to minimize the effect of inhomogeneity on 
the property analysis. After separation and weighing, each phase 
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was analyzed for the water content, elemental composition and 
heating value. The water content in the bio-oil was determined 
by Karl-Fisher titration (Metrohm, 870 KF Titrino plus). The overall 
properties of the bio-oil were then calculated by multiplying the 
weight fraction of each phase. 

The biochar was further analyzed for pFI, microscopic surface 
area and pore volume distribution. For the pH measurement, bio¬ 
char to deionized water ratios of 1:20 (w:v) was used to form 
homogeneous suspension, and the pH was determined after 1.5 h 
of equilibration using an Orion PH meter (Thermo Scientific). The 
microscopic surface area of biochar was measured using the N 2 - 
BET method (Micrometries, Tristar 3020). The surface morphology 
of biochar was investigated using scanning electron microscopy 
(SEM, JEOL JSM-7600F). The distribution of pore volumes in bio¬ 
char was measured using a porosimeter (Micromeritics, AutoPore 
4 9250) for the pores in the range of 10 nm-100 pm. 

The above-mentioned analyses for the physical and chemical 
properties of raw biomass and pyrolysis products were performed 
at least three times per sample, and the average values were 
calculated. 




(b) Dry, ash-free basis 


3. Results and discussion 

3.1. Product yields 

Fig. 1 shows the product yields of pyrolysis for temperatures of 
300-700 °C. The biochar yield decreased with temperature by the 
progress of thermal decomposition, resulting in gradual increases 
of bio-oil and gas yields. On a wet basis (Fig. la), biochar was the 
dominant product with a mass yield of over 39%. However, these 
yields included the contribution of ash that mostly remained in 
the solid residue. In contrast, the bio-oil yield included the contri¬ 
bution of moisture that was condensed in the oil collection bottles. 
After removing the influence of moisture and ash content using 
Eqs. (1)—(3), the product distribution showed noticeable changes. 
As shown in Fig. lb, the bio-oil had the largest yield from the or¬ 
ganic fraction (over 43.3%daf above 500 °C). The biochar yield rap¬ 
idly decreased from 50.2%daf at 300 °C to 28.0%daf at 500 °C. The 
decrease above 500 °C was less than 2.6%daf, since the decomposi¬ 
tion of cellulose and hemicellulose were completed. The bio-oil 
yield slightly decreased, while the gas yield increased at 700 °C. 
This could be understood from the cracking (secondary pyrolysis) 
of primary tar compounds by temperature and by hot char surface. 
Its effect was minor in this study, since the reactor was purged by 
nitrogen during heating. In a continuously-operating pyrolysis pro¬ 
cess where the tar compounds pass through hot char particles, the 
thermal/catalytic cracking could be significant above 600 °C and 
the carbon deposit remains on the biochar surface (Gilbert et al„ 
2009; Font Palma, 2013). 

Fig. 2 compares the biochar yield to selected data in the litera¬ 
ture. Considering the significant influence of ash and moisture con¬ 
tent in the raw material, it was desirable to convert the biochar 
yield on a dry, ash-free basis. However, in many studies the basis 
of mass yields was not clearly stated or full analytical data were 
not given for the conversion. Therefore, the biochar yield on an 
ash-free basis was used instead, using Eq. (4). The yields of this 
study were about 3% lower than the results of Xiao et al. (2010) 
and Wu et al. (2012). In addition to the difference of feedstock 
properties and reactor configuration, a reason for the difference 
could be the rate of heating. While both studies used a rate of 
5 °C/min, the value in this study was about 12 °C/min. Much higher 
rates further reduce the char yield, as shown for the fast pyrolysis 
tests of Lou et al. (2010) in Fig. 2. 



300 400 500 600 700 


Temperature (°C) 


Fig. 1 . Product yields from slow pyrolysis of rice straw. 


Fig. 2. Comparison of biochar yields on an ash-free basis with literature data. 
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3.2. Properties of biochar 

Table 3 presents the summary of biochar properties. As the 
pyrolysis temperature increased, the biochar further released vol¬ 
atiles and became more carbonaceous. The loss of VM increased 
the relative proportion of the inert fraction (ash content) from 
37.4%dry at 300 °C to 54.6%dry at 700 °C. This also led to a decrease 
in the HHV from 16.6 MJ/kg to 13.6 MJ/kg. Note that biochar ex¬ 
posed to air adsorbed some moisture ranging from 0.7% to 2.0%. 
This was excluded in the table. 

The microscopic surface area of biochar indicates the adsorption 
capability for nutrients when applied to soil. The N 2 -BET surface 
area for micro- and meso-pores (<50 nm) increased from 
4.5 m 2 /g at 300 °C to over 80 m 2 /g at 600 °C. Similar values of sur¬ 
face area have also been reported in previous studies (Fu et al., 
2011; Xiao et al., 2010). The decrease at 700 °C, which was con¬ 
firmed by repeated analyses, could be the results of carbon deposit 
formation over the biochar surface from thermal and catalytic 
cracking of tar within the pyrolysis reactor. The surface area of 
the straw biochar was relatively low compared to biochar from a 
lignocellulosic biomass with a vascular structure. For example, 
the biochar from wood, sugar cane bagasse and miscanthus had 
over 100 m 2 /g (Lee et al., 2013a,b) at 500 °C. 

The pH of biochar increased from 9.0 at 300 °C to 10.5 at 500 °C 
and remained steady at higher temperatures. Wu et al. (2012) re¬ 
ported a similar range of pH values (9.3-10.9). The alkalinity of 
the rice straw biochar was mainly due to the presence of alkali 
metals in the inert biochar mass. Although Si was dominant 
(176,000 ppm), significant concentrations of K (21,340 ppm) and 
Na (753 ppm) were observed in the biochar at 500 °C (Lee et al., 
2013b). The effects of decrease in acid functional groups, such as 
carboxyl (-COOH) and phenolic (-OH), would be minor on the 
alkalinity, since such groups became depleted with increasing 
pyrolysis temperature. The alkalinity of biochar is favorable for 
amelioration of acidic soils. 

Fig. 3 compares the C, H and O composition of raw biomass and 
biochar on a van Krevelen diagram. The raw biomass was ex¬ 
pressed in an empirical formula of C1.ooH1.47Oo.67No.03- During 
pyrolysis, it rapidly released H and O atoms and approached the 
axis origin (pure carbon) with a trend line of (H/C) = 3.67(0/C). 
The data of Xiao et al. (2010) and Wu et al. (2012) also exhibited 
similar trends. 

Fig. 4 shows the distribution of pore volumes for a size range of 
10 nm-100 pm. Two distinct size ranges, separated by a dip at 2- 
5 pm, were identified. The larger pores up to 100 pm originated 
from the vascular structure. The volume of the large pores was sig¬ 
nificant, even at 300 °C, since the pyrolysis already decomposed 
about 50% of the structural polymer into the volatiles (Fig. lb), 
leaving the lignin-rich cell walls on the biochar. Further increase 



O/C atomic ratio 



10-3 10-2 10-1 10° 10 1 10 2 10 3 

Pore diameter (pm) 


Fig. 4. Pore volume distribution of rice straw biochar. 


in the pore volume in this range was not noticeable at higher tem¬ 
peratures. These large pores are known to provide habitats for 
symbiotic micro-organisms in the soil (Thies and Rillig, 2009). 
The pore volume with a size of about 2 pm or smaller could be 
the result of pore formation on the surfaces of cell walls, which in¬ 
creased noticeably over 300 °C. The pore volumes in 10 nm or 
smaller were not well resolved in the porosimeter, but were found 


Table 3 

Summary of biochar properties from different pyrolysis temperatures. 


Pyrolysis temperature (°C) 


300 


400 


500 


700 


Proximate analysis (%dry) 


Ultimate analysis (%daf) 


VM 34.54 

FC a 28.06 

Ash 37.40 

VM/FC 1.23 


HHV (MJ/kg-dry) 

N 2 -BET surface area (m 2 /g) 
pH 


15.3 

21.2 

10.1 


13.5 

45.8 


13.6 

22.5 

10.6 


a By difference. 
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to be very small. This was in agreement with the low microscopic 
surface areas, as discussed previously. 


3.3. Properties of bio-oil and gases 

Table 4 summarizes the properties of bio-oil for the mass- 
weighted average of light aqueous and heavy organic phases. The 
aqueous phase accounted for 68-75% in the bio-oil with a water 
content as high as 82%. The overall elemental composition of the 
aqueous phase was C 13.1%, H 9.3%, 0 76.3% and N 1.4% at 
500 °C. The HHV of the aqueous phase was only about 3.7- 
4.4 MJ/kg due to the high water content. In contrast, the heavy 
organic phase was enriched with carbon and nitrogen, consisting 
of C 64.2%, H 8.2%, O 24.6% and N 3.0%. This led to a very high 
HHV (28.6-30.8 MJ/kg). In the overall properties of the bio-oil in 
Table 4, the bio-oil was higher in the oxygen content and the 
HHV ranged from 10.1 to 12.3 MJ/kg-wet. 

Fig. 5 shows the profiles of gas concentration during a pyrolysis 
test at 600 °C. The symbols indicate the data measured by GC, 
while the lines for CO and C0 2 are from the on-line gas analyzer. 
C 2+ represents the sum of C 2 H 4 , C 2 H 6 , C 3 H 6 and C 3 H 8 . The release 
of C0 2 and CO was dominant in the early stage of pyrolysis, result¬ 
ing mainly from the decomposition of cellulose and hemicellulose. 
Their concentration reduced rapidly above 400 °C, while H 2 and 
CH 4 gradually increased, mainly from the slow decomposition of 
lignin (Yang et al„ 2007). 

The gas release profiles for each test were integrated over the 
entire test duration to calculate the overall gas composition. For 
CO and C0 2 , the gas analyzer data was used for integration. The 
remainder of gases was assumed linear between the data points 
from GC measured every 9 min. This assumption inevitably in¬ 
volved some error in the composition of H 2 and hydrocarbon gases. 
The error would be enlarged in the overall HHV of gases based on 
the integrated composition, since H 2 and hydrocarbons have very 
high HHVs (e.g., 141.80 MJ/kg for H 2 and 55.53 MJ/kg for CH 4 ) com¬ 
pared to CO (10.10 MJ/kg). Table 4 also shows the results of the gas 
composition and its heating value. C0 2 and CO remained as the 
dominant species throughout the tested temperature range, while 
the increases of CH 4 and H 2 were rapid above 400 °C. C 2+ hydrocar¬ 
bons peaked at 600 °C, which accounted for 0.68% C 2 H 4 , 1.75% 
C 2 H 6 , 0.57% C 3 H 6 and 0.45% C 3 H 8 at 600 °C in volume fractions. 
The contributions of H 2 and hydrocarbons to the HHV of the gas 
products were significant, as the value increased from 4.07 MJ/kg 
at 300 °C to 11.45 MJ/kg at 700 °C. Overall, the non-condensable 



Time (min) 


Fig. 5. Gas release profile during pyrolysis at 600 °C. 


gases were rich with oxygen-containing species, and had lower en¬ 
ergy content than the biochar and bio-oil. 

3.4. Carbon and energy distribution of the products 

Fig. 6 shows the distribution of carbon and energy between 
pyrolysis products based on their mass yields, atomic compositions 
and HHV. For the carbon yield, biochar even at 700 °C retained 45% 
of carbon in the raw biomass. Therefore, biochar could be consid¬ 
ered as the preferred product of carbon by pyrolysis that condensed 
the amorphous carbon structure with many functional groups and 
bridges into highly aromatic carbon skeletons. If the biochar ap¬ 
plied to the soil remains without further decomposition, the equiv¬ 
alent C0 2 weight was about 59% (=Ybiochar,wet x C biochardly x 44/12) 
of the air-dried biomass or 84% (=Ybiochar,daf x Cbiochar.daf x 44/12) of 
its organic fraction above 500 °C. Bio-oil was the second important 
product, having carbon yields of 31.5-33.2% above 500 °C. The en¬ 
ergy yield of biochar was about 40%, 5% lower than the carbon yield. 
The energy yield of bio-oil was comparable to that of biochar, since 
it contained more hydrogen-containing compounds. The pyrolytic 
gases had up to about 20% in both carbon and energy yields. The to¬ 
tal carbon yields of the three products deviated by -2.2% to 3.2% 
from 100% by experimental errors that were insignificant. The defi¬ 
ciency of the total energy yield was larger, mainly due to the error 
involved in estimation of the gas composition and HHV. 

Considering that the mass yield of biochar was about 25-28% 
over 500 °C, its carbon and energy yield of 40% or higher showed 


Table 4 

Composition of bio-oil and light gases (integrated) from pyrolysis. 


Pyrolysis temperature (°C) 


Atomic composition (wt.%wet) 


Atomic composition (wt.%dry) 


HHV (MJ/kg-wet) 

Species composition (vol.%) 


Atomic composition (wt.%) 
HHV(MJ/kg) 
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Fig. 6. Carbon and energy distribution between pyrolysis products. 


the value of biochar as a primary product of pyrolysis. It was also 
important to note that the by-products of biochar production, 
bio-oil and gases, contained 50-60% of carbon and energy content. 
Therefore, biochar production should be planned together with the 
utilization of by-products as valuable resources. 

The gas product from pyrolysis can be burned to provide the 
heat on-site, since pyrolysis in an inert atmosphere requires exter¬ 
nal heat supply. Using the test results, the conditions for auto-ther¬ 
mal pyrolysis process with bio-oil collection can be evaluated. The 


heat required for pyrolysis (Qp yr o) of unit mass up to a temperature 
(T) can be estimated as the sum of enthalpy change of moisture 
(m wa ter) and dry mass fractions (m dry ) in the raw material, as 
follows: 

Qpyro (MJ/kg) = m W aterA/lwater,r + m dty Ah iryJ (5) 

where m wate r = M/100 and m dry = (100 - M)/100, Ah water r can be di¬ 
rectly calculated by the change in the specific enthalpy of water 
from the reference temperature (25 °C) to the target pyrolysis tem¬ 
perature including the latent heat. Ah dry>7 represents the heat 
requirement for the dry mass or its products, incorporating the spe¬ 
cific enthalpy and the endothermic heat of pyrolysis. In He et al. 
(2006), A h d[yT measured for dry wheat straw was 0.558 MJ/kg up 
to 500 °C, and 0.568 MJ/kg up to 700 °C. However, this value was 
only for the remaining solid (char + ash), excluding the specific en¬ 
thalpy of the volatile products leaving the solid. Therefore, it was 
simplified in this study to Ahdryj= C Piavg (T- 25) in which C Piavg 
was taken as 1.4 kj/kg for approximation. Note that the ranges of 
C p are typically 1.3—1.5 kj/kg for dry biomass, 1.1-1.3 for char 
(Dupont et al., 2014), 0.9-1.1 for the inert fraction (mostly Si0 2 ) 
(Mills and Rhine, 1989) and 1.0-1.2 for light gases. In contrast, 
the heat released by combustion of gas products was calculated 
from the mass yield (y gas , W et) and its lower heating value (LHV gas ), 
as follows: 

Q. g as (MJ/kg) = y gas , wet LHV gas (6) 

Note that LHV was used in Eq. (6), since it represented the en¬ 
ergy available without recovering the latent heat of H 2 0 in the 
combustion products. 

Table 5 lists the values of Qp yro , Qg as and their ratio with differ¬ 
ent moisture content for pyrolysis at 400 °C and 600 °C. For pyro¬ 
lysis at 400 °C, Qg as is practically insufficient to provide Qp yro and, 
therefore, a significant fraction bio-oil should be burned without 
condensation for the auto-thermal process. The heat required 
was 1.01 MJ/kg s tr a w for pyrolysis of air-dried straw at 600 °C, while 
the energy content in the gas product was sufficiently high 
(1.93 MJ/kg straw ). The actual process would require an indirect heat 
exchange between biomass and hot combustion gas to maintain an 
inert atmosphere within the pyrolysis reactor. This would require 
an efficient heat exchanger design for increased heat recovery 
and compact reactor size. Qg as /Qp yr o decreased rapidly to below 
100% with an increase in moisture content. This was due to the in¬ 
creased heat demand for moisture evaporation, while the gas yield 
was reduced. The increased moisture content would also lower the 
heating value of bio-oil. Therefore, it was crucial to dry the rice 
straw as much as possible before feeding to a pyrolysis reactor. 

4. Conclusions 

Although the biochar yield from the organic fraction of rice 
straw was about 25-28%, its carbon and energy yields were about 
40% or higher for pyrolysis above 500 °C. The volume of mesopores 
in the biochar was not large, which kept the specific surface area 
lower than 100 m 2 /g. The high pH of biochar was attributable to 
the presence of alkali metals. 


Estimation of Qpy ro . Qgas and their ratio for different moisture content. 


Pyrolysis temperature 

Moisture content 

400 °C 




600 °C 




7.3% a 

10% 

20% 

30% 

7.3% a 

10% 

20% 

30% 

Qpyro (MJ/kgstraw) 

0.72 

0.79 

1.05 

1.32 

1.01 

1.08 

1.36 

1.64 

Qgas (Mj/kgstraw) 

0.98 

0.95 

0.84 

0.74 

1.93 

1.88 

1.67 

1.46 

Qgas/Qpyro 

136% 

120% 

80% 

56% 

192% 

173% 

122% 

89% 


a Air-dried condition. 














































